Osteoporosis is associated with 17b-estradiol deficiency. The G protein-coupled receptor 30 (GPR30) is known to be an estrogen-responsive receptor, but its role in the degradation of mitochondria in osteoblasts by autophagy, or mitophagy, remains unclear. The aim of this in vitro study was to evaluate the effects of 17b-estradiol, GPR30, and its signaling pathway, on mitophagy in the murine MC3T3-E1 osteoblast cell line.
Background
Osteoporosis is a metabolic bone disease that is associated with a reduction in bone volume, with the main clinical features including fracture and bone pain. With the increasingly aging population worldwide, the incidence of morbidity and mortality from osteoporosis, and the associated economic burden of this disease continue to increase annually. Therefore, there is increasing interest in research into osteoporosis and its prevention.
Pathways involved in mitochondrial autophagy, or mitophagy, have been studied in cell lines in vitro, and have been shown to have important regulatory effects in the development and progression of several major diseases, including neurodegenerative diseases, heart disease, and diabetes mellitus [1] [2] [3] [4] [5] . Therefore, the factors that affect mitochondrial autophagy, or mitophagy, may be an emerging research area of interest in osteoporosis.
Primary osteoporosis more prevalent in postmenopausal women than in men; as the level of estrogen, or 17b-estradiol, decreases, bone loss increases and therefore osteoporosis increasingly occurs in perimenopausal women [1] [2] [3] [4] [5] . Estrogen replacement therapy is the main treatment for postmenopausal osteoporosis. Estrogen levels may be the main cause of osteoporosis, but the molecular mechanisms underlying osteoporosis caused by estrogen reduction remain unknown. Therefore, continued studies on the effects of estrogen on bone metabolism, particularly on osteoblast function, may provide information to improve the treatment of osteoporosis and other metabolic bone diseases. Therefore, the relationship between 17b-estradiol and mitophagy in osteoblasts is an important area of research that may lead to findings that affect clinical treatment [1] [2] [3] [4] [5] .
Estradiol, or 17b-estradiol, may protect osteoblasts from apoptosis, autophagy, and mitophagy [6] . In 1977, a study identified an estrogen membrane receptor coupled to a G protein, G protein-coupled receptor 30 (GPR30), in human breast cancer cells [6] . GPR30 was first extracted from B-cells and confirmed as seven-span transmembrane protein, which is now known to exist in a variety of cells, including macrophages, and neuroglial cells [7] . In 2000, a study showed that mitogen-activated protein (MAP) kinase (ERK1/2) was activated by estrogen in breast cancer cell lines expressing GPR30, but not in cell lines lacking the receptor [8, 9] . Studies on breast cancer have reported that estrogen activates ERK not by classic estrogen receptors, ER-a or ER-b, but by GPR30, similar to the rapid but transient activation of mitogen-activated protein kinase (MAPK) [9, 10] . In 2005, Thomas et al. confirmed that GPR30 was an estrogen membrane receptor [10] . The action of GPR30 results in pleiotropic effects in metabolically active tissues, such as the pancreas, liver, and skeletal muscle [11] .
Although GPR30 was initially considered to be a G proteincoupled estrogen receptor, it was recently reported to be expressed in osteoblasts of human bone [12] . However, the function of GPR30 in bone remains unknown [13] .
Mitochondria play an important role in the metabolism of living organisms, and provide energy for metabolic activity, produce reactive oxygen species (ROS), and have roles in signal transduction and gene regulation [14] . Damaged mitochondria can be degraded by mitophagy, and dysfunction of mitophagy is closely related to the pathogenesis of some diseases [15] [16] [17] . Impaired mitochondria release ROS and apoptosis factors, which lead to cell damage or apoptosis by autophagy, with the elimination of the damaged mitochondria. Estradiol, especially 17b-estradiol, has been proposed to protect osteoblasts against apoptosis [18] . However, whether mitophagy is involved in the protective effect of 17b-estradiol in osteoblasts, or whether 17b-estradiol induces mitophagy through its special membrane receptor, GPR30 and its signaling pathway, remain unknown.
Therefore, the aim of this in vitro study was to evaluate the effects of 17b-estradiol, GPR30, and its signaling pathway, on mitophagy in the murine MC3T3-E1 osteoblast cell line.
purchased from Beijing Biosynthesis Biotechnology Co., Ltd. (Beijing, China). Trizol reagent was purchased Life Technologies Co. (Carlsbad, CA, USA). TaqMan reagents were purchased from Takara (Otsu, Japan). The GPR30 and GAPDH primers for reverse transcription-polymerase chain reaction (RT-PCR) were provided by Shanghai Invitrogen Agent (Shanghai, China). The immunofluorescence staining kit was purchased from Beyotime Biotechnology (Jiangsu, China). The bromodeoxyuridine (BrdU) assay kit was purchased from Abcam (Cambridge, UK).
Cell culture of MC3T3-E1 murine osteoblasts MC3T3-E1 cells were purchased from the XIEHE Cell Repository in Beijing, China. Cells were subcultured in a-MEM with 10% FBS and grown in a humidified atmosphere containing 5% CO 2 at 37°C. Cells were subjected to different concentrations of 17b-estradiol (0 M, 10 -9 M, 10 -8 M and 10 -7 M) for 48 h. G15, a selective GPR30 antagonist, or U0126, a mitogen-activated protein (MAP) kinase (ERK1/2) inhibitor, or vehicle as control, were also used to treat the cells.
Protein preparation and western blot analysis
MC3T3-E1 cells were washed with cold phosphate-buffered saline (PBS), and harvested in radio-immunoprecipitation assay (RIPA) buffer containing protease inhibitors, including phenylmethylsulfonyl fluoride and phosphatase inhibitors. The cells were incubated with lysates on ice for 30 min, and centrifuged at 12,000×g for 10 min at 4°C. The supernatants were collected and mixed with 5× loading buffer, and were denatured by boiling for 10 min. For Western blot, 50 µg of total proteins underwent sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The protein was transferred to polyvinylidene fluoride (PVDF) membranes using a transfer buffer (20 mM Tris, 150 mM glycine, and 20% methanol) at 70 V for 1.5 h, according to the molecular weight of the tested proteins. The membranes were incubated with TBST (50 mM Tris, 200 mM NaCl, 0.2% Tween 20) and 5% bovine serum albumin (BSA) for 2 h. After washing three times with TBST for 10 min each, the blot was incubated with the corresponding primary antibody overnight at 4°C, followed by horseradish peroxidase (HRP)-labeled secondary antibody for 1.5 h. The membranes were washed with TBST for 30 min and proteins were visualized using the BeyoECL plus kit (Beyotime Biotechnology, China).
Real-time polymerase chain reaction (RT-PCR)
The RT-PCR method was used to extract RNA with trizol, reverse-transcribed mRNA to cDNA, amplified cDNA with PCR amplifications. Total RNA was extracted from MC3T3-E1 cells using trizol reagent. The expression of GPR30 mRNA was detected by real-time PCR using TaqMan reagents. The synthesis of primers was provided by Shanghai Invitrogen Agent.
The GPR30 forward primer was: 5'-AACAGAGCAGCGATCTGGAC-3'. The GPR30 reverse primer was: 5'-GCAGAGTCCTTGGATGGCTT-3'. The forward GAPDH primer was: 5'-AACAGAGCAGCGATCTGGAC-3'. The reverse GAPDH primer was: 5'-GCAGAGTCCTTGGATGGCTT-3'.
The PCR reactions were carried out using the following conditions: 95°C for 30 s, then 40 cycles of 95°C for 5 s, and 60°C for 30 s. All primers and TaqMan probes specific for GPR30 and GAPDH were designed using Primer Premier 5.0 software (Premier Biosoft International, Palo Alto, CA, USA). The band to GAPDH ratio was deemed as the relative expression of GPR30 mRNA.
Confocal immunofluorescence microscopy
MC3T3-E1 cells were seeded into six-well plates and incubated for 24 h. Then, cells were washed once with ice-cold PBS and fixed with 4% paraformaldehyde for 30 min at 4°C. Following washing with PBS three times, the cells were blocked at nonspecific antibody sites by 5% BSA in TBST for 30 min. The MC3T3-E1 murine osteoblast cells were incubated with specific primary rabbit anti-GPR30 antibodies (1: 50) overnight at 4°C. The next day, the MC3T3-E1 cells were washed with PBS, and then incubated with the secondary antibody for 30 min using a donkey anti-rabbit IgG (1: 1000). Then, these cells were stained with DAPI for 5 min. After washing with PBS for 15 min, the immunofluorescence-stained cells were viewed using an Olympus FV1000 confocal laser-scanning microscope with a peak emission wavelength of 518 nm (green) and 565 nm (red).
Transmission electron microscopy (TEM)
The MC3T3-E1 cells were harvested and fixed in 2.5% glutaraldehyde PBS for 2 h at room temperature. The cells were then post-fixed in 1% osmium tetroxide in water for 1 h, and stained in 2% uranyl acetate in water for 1 h in the dark. After dehydration in an ascending series of ethanol, the samples were embedded, sectioned, double-stained with uranyl acetate and lead citrate, and analyzed using a JEM-1200EX transmission electron microscope (TEM) (JEOL, Tokyo, Japan).
Cell proliferation using the bromodeoxyuridine (BrdU) assay
The effect of 17b-estradiol on cell proliferation was analyzed by measuring the incorporation of bromodeoxyuridine (BrdU) into genomic DNA. MC3T3-E1 cells were seeded into 96-well microtiter plates. After culture with 10 -7 M 17b-estradiol for 48 h, with or without G15/U0126, 10 mM BrdU was added to the culture medium for incorporation into the DNA of replicating cells. After 2 hours, cells were fixed in 4% paraformaldehyde. BrdU incorporation was determined by a cell proliferation enzyme-linked immunosorbent assay (ELISA) BrdU kit.
Statistical analysis
Data were expressed as the mean ± the standard errors of the mean (SEM), and the differences between the means were analyzed by one-way analysis of variance (ANOVA). A P-value <0.05 was considered to indicate a statistically significant difference. Statistical analysis was performed using the Statistical Package for the Social Sciences (SPSS) version 15.0 software package (SPSS, Inc., Chicago, IL, USA).
Results

Expression of G protein-coupled receptor 30 (GPR30) in MC3T3-E1 cells
The expression of G protein-coupled receptor 30 (GPR30) in MC3T3-E1 murine osteoblast cells by real-time polymerase chain reaction (RT-PCR) and Western blot to determine whether 17b-estradiol was expressed in osteoblasts through GPR30. MC3T3-E1 cells were subjected to different concentrations of 17b-estradiol (0 M, 10 -9 M, 10 -8 M and 10 -7 M) for 48 h in the presence or absence of G15 (a GPR30 inhibitor). Within 48 h, the protein expression of GPR30 increased with the addition of 17b-estradiol as shown by Western blot (Figure 1 ). The expression of GPR30 proteins in MC3T3-E1 cells increased in a dose-dependent manner with the increasing concentration of 17b-estradiol. Similar results were obtained by detecting the expression of mRNA by RT-PCR (Figure 1 ). According to the above results, the optimal concentration of 17b-estradiol required for receptor expression was 10 -7 M. Then, 17b-estradiol expression in osteoblasts through GPR30 was identified by confocal immunofluorescence (Figure 1 ). MC3T3-E1 cells cultured in vehicle were used as controls and b-actin was used as the protein loading control. The phosphorylated levels of mitophagy-associated proteins (LC3, Hsp60, and Tom20) were increased by the treatment of 17b-estradiol alone, but the increased levels were blocked by G15 and could not be reversed by 17b-estradiol. U0126 could partly inhibit mitophagy by suppressing phosphorylation of ERK (p-ERK) and 17b-estradiol did not override this effect. Phosphorylated levels of ERK (p-ERK) in MC3T3-E1 cells after 48 h exposure to 17b-estradiol alone were significantly increased. There were increased phosphorylated levels of ERK (p-ERK), which were inhibited when MC3T3-E1 cells were pre-treated with G15 (GPR30 antagonist). * P<0.05 compared with the control.
907
17b-estradiol led to further accumulation of Hsp60, Tom20 and LC3 in MC3T3-E1 cells, supporting an increase in mitophagy. Also, transmission electronmicroscopy (TEM) showed increased mitochondrial autophagosomes after 48 h of 17b-estradiol treatment (Figure 3) . Also, after treatment with 10 -7 M 17b-estradiol for 48 h, the mitochondrial autophagosomes increased in number, and the number of viable cells increased with the addition of 17b-estradiol.
MC3T3-E1 cells were treated with 10
-7 M 17b-estradiol for 48 h. Cell proliferation was evaluated by using the bromodeoxyuridine (BrdU) assay, which showed that the cell proliferation of the 17b-estradiol-treated cells was significantly increased compared with that of the untreated control group (Figure 4) . Transmission electron microscopy (TEM) showed that autophagic characteristics, including pyknotic chromatin, disintegrated nuclear membrane, and cytosolic autophasosomes, were abundant in the cells without 17b-estradiol treatment ( Figure 3) . The above data suggested that 17b-estradiol induced mitophagy in MC3T3-E1 cells in vitro.
17b-estradiol protected osteoblasts by inducing mitophagy through the GPR30/ERK signaling pathway
Western blot was used to investigate the signaling pathway and underlying molecular mechanism by which 17b-estradiol enhanced mitophagy. To determine whether 17b-estradiol receptor, GPR30, was required for estradiol-enhanced mitophagy, osteoblasts were pretreated with the GPR30 inhibitor, G15 for 1 h and then stimulated with 17b-estradiol for 48 h or with vehicle. Western blot analysis showed that 17b-estradiol significantly increased the phosphorylation of HSP60, Tom20, and LC3 proteins in MC3T3-E1 cells after 48 h, but did not enhance mitophagy in the osteoblasts pretreated with G15 ( Figure 2) . Because LC3-II is converted from LC3-I and serves as a typical marker of completed autophagy, these results demonstrated that 17b-estradiol induced mitophagy via GPR30. 
Extracellular signal-related kinase-1/2 (ERK1/2) activation promotes autophagy in different cell lines
To examine the relationships between 17b-estradiol and osteoblast mitophagy, the protein levels of phospo-ERK1/2 and total-ERK1/2 were assessed by Western blot (Figure 2 ). The effect of 17b-estradiol on the activation of the signaling pathway, which regulated several normal cellular functions that were critical for cell proliferation, growth and survival, were further investigated. The results showed that the expression was similar to the expression of mitophagy marker proteins. 17b-estradiol significantly upregulated p-ERK1/2 in MC3T3-E1 cells, but not when the cells were pretreated with the selective GPR30 antagonist, G15. Therefore, 17b-estradiol expressed in vitro in osteoblasts regulated the expression of p-ERK1/2. The mitogen-activated protein (MAP) kinase (ERK1/2) inhibitor, U0126, was used to block the ERK signaling pathway and to detect the variation of mitophagy in osteoblasts. As shown in Figure 2 , the activation of phospho-Hsp60, phospho-Tom20 and phospho-LC3, induced by 17b-estradiol, were significantly reversed by treatment with U0126. These results suggested that treatment with 17b-estradiol induced osteoblast mitophagy via the GPR30-ERK1/2 signaling pathway.
When MC3T3-E1 cells were pretreated with G15 or U0126, the cell proliferation rate was reduced and could not be reversed by 17b-estradiol ( Figure 4) . Therefore, 17b-estradiol-induced cell proliferation could be blocked by G15 or U0126, and 17b-estradiol had a protective effect on murine osteoblasts in vitro through the GPR30-ERK1/2 signaling pathway.
Discussion
Estrogen deficiency is the leading cause of postmenopausal osteoporosis, and estrogen replacement therapy is effective for improving the bone mineral density in osteoporotic postmenopausal women. Although cellular and molecular mechanisms underlying the anti-osteoporosis effect of estrogen have been extensively studied, the specific mechanisms in osteoblasts are not fully understood. Estrogen, and 17b-estradiol, has significant impact on bone mineral metabolism.
Several previously published studies have demonstrated the existence of membrane-associated estrogen receptor (ER), either similar to or distinct from the classical nuclear ER [19] [20] [21] .
Besides the classical estrogen receptors (ER-a and ER-b), a transmembrane G-protein-coupled receptor, the G proteincoupled receptor 30 (GPR30) was shown to mediate estrogenic effects [11, 22] . It has also previously been demonstrated that GPR30 was expressed in osteoblast, vascular endothelial cells, and pancreatic islet b-cells [23] [24] [25] [26] , but the function of GPR30, and the signaling pathways involved in bone in osteoblasts remains unknown. The findings of this study showed that GPR30 was expressed in the murine MC3T3-E1 osteoblast cells in vitro, and its expression changed in a dosedependent and time-dependent manner with 17b-estradiol treatment (Figure 1 ). The optimum concentration of 17b-estradiol, for the expression of GPR30, was 10 -7 M. Therefore, to further examine the role of GPR30 in 17b-estradiol-induced mitophagy, 10 -7 M 17b-estradiol was added to the MC3T3-E1 cells, which were treated for 48 h.
Mitochondria play an important role in the metabolism of living organisms, provide energy for metabolic activity, produce reactive oxygen species (ROS), and are required for signal transduction and gene regulation. For this reason, dysfunction or damage of mitochondria has serious consequences, and can lead to cell death. Mitophagy is essential for cellular homeostasis, and previously published studies have demonstrated the involvement of mitophagy in physiological and pathological processes, including differentiation, development, defense against pathogens, in aging, apoptosis, and inflammation [27] [28] [29] [30] . Previously published studies have shown that 17b-estradiol protected cellular homeostasis by inducing mitophagy in traumatic brain injury, alcoholic fatty liver, and osteosarcoma cells [31] [32] [33] .
The findings of this study showed that in the murine MC3T3-E1 osteoblast cell line, mitophagy, detected by Western blot (Figure 2 ) and transmission electronmicroscopy (TEM) (Figure 3) , was induced and increased by treatment with 17b-estradiol compared with the control group, as demonstrated by the increase in mitophagy markers heat shock protein 60 (Hsp60), translocase of outer membrane (Tom)20, and microtubule-associated protein 1A/1B-light chain 3 (LC3), and the accumulation of mitophagolysosomes. Also with the increase of the 17b-estradiol-induced mitophagy, the cell proliferation rate was also increased, which was detected by TEM and the bromodeoxyuridine (BrdU) assay (Figure 4) , respectively. A previously published study has shown that neither bone loss nor high bone turnover is detectable in ER-a single knockout or ER-a and ER-b double knockout mice, suggesting that another estrogen-binding receptor that may compensate for the lack of ER [34] . GPR30 mediates membrane-initiated estrogen signaling as a G-protein coupled ER [35] . Therefore, the maintenance of bone mass in the mice might be partly due to the complementary effect of GPR30 [34, 35] . Also 17b-estradiol has been shown to protect rat mesothelium by inducing mitophagy via GPR30 [22] , and 17b-estradiol has been shown to induce the proliferation of osteoblasts through GPR30 [23] . This study was undertaken to investigate the role of GPR30 in osteoblast mitophagy and used pretreatment with the GPR30 inhibitor, G15, and when GPR30 was inhibited, 17b-estradiol partly lost its ability to induce mitophagy (Figure 2 ).
To our knowledge, this was the first study to demonstrate that GPR30 is an effective receptor for 17b-estradiol-induced mitophagy in osteoblasts. When GPR30 was inhibited, the proliferation of osteoblasts was reduced (Figure 4) . The activation of mitogen-activated protein kinases (MAPKs) extracellular signalregulated kinases (ERK) regulates osteoblast differentiation in vitro and in vivo [36, 37] . 17b-estradiol could modulate osteoblasts to control cell stress, apoptosis and cell death through the MAPK signaling pathway [38] [39] [40] . 17b-estradiol has been previously reported to induce mitophagy in the MDA-MB-231 human breast cancer cell line when transfected with GPR30, suggesting that estrogen can activate ERK through GPR30 [41] . It has also previously been shown that the binding of estrogen and GPR30 can trigger a cascade of MAPK signaling and activation of ERK, and thereby promote cell growth and cell proliferation [2] . Treatment of cells in vitro with U0126, a mitogen-activated protein (MAP) kinase (ERK1/2) inhibitor has been shown to attenuate phytoestrogenic effects [42] , but this effect was not due to the effects of ER-a phosphorylation, but by blocking a GPR30-mediated increase in intracellular cAMP, which further demonstrates that estrogen binds to GPR30 through the ERK pathway. In the present study, the expression of phosphorylated ERK could be induced by 17b-estradiol and suppressed by G15 (Figure 2) . Also, 17b-estradiol-induced mitophagy could be blocked by U0126. Therefore, 17b-estradiol appeared to protect murine osteoblasts by enhancing mitophagy through the GPR30/ERK pathway.
This study identified an important role of 17b-estradiol, an inducer of osteoblast mitophagy in bone development, in murine MC3T3-E1 cells. The ablation of 17b-estradiol in osteoblasts inhibited proliferation by negatively affecting osteoblast mitophagy. These results provide novel insights into the detailed molecular mechanisms by which mitophagy regulates osteoblast functions. However, there are several remaining questions that require further study, including the regulatory mechanisms governing bone development and osteoblast differentiation by mitophagy. The roles of mitophagy in vivo or in human bone development remain to be investigated. The effects of aging on osteoblast mitophagy also remain to be investigated, in view of the increasing prevalence of osteoporosis in an increasingly aging population.
Conclusions
The findings of this in vitro study showed, that in a murine osteoblast cell line, the expression of G protein-coupled receptor 30 (GPR30) was dependent on 17b-estradiol, in a dose-dependent way. 17b-estradiol treatment enhanced mitophagy through the GPR30-ERK1/2 signaling axis. In the murine MC3T3-E1 osteoblast cell line, 17b-estradiol appeared to protect osteoblasts and promoted osteoblast proliferation via stimulation of the degradation of mitochondria mitophagy in murine osteoblasts in vitro.
